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(57) ABSTRACT

A sensor designed to determine the amount and concentration
ofanalyte in a sample having a volume ofless thanabout 1 ul..
The sensor has a working electrode coated with a non-leach-
able redox mediator. The redox mediator acts as an electron
transfer agent between the analyte and the electrode. In addi-
tion, a second electron transfer agent, such as an enzyme, can
be added to facilitate the electrooxidation or electroreduction
of the analyte. The redox mediator is typically a redox com-
pound bound to a polymer. The preferred redox mediators are
air-oxidizable.

The amount of analyte can be determined by coulometry. One
particular coulometric technique includes the measurement
of'the current between the working electrode and a counter or
reference electrode at two or more times. The charge passed
by this current to or from the analyte is correlated with the
amount of analyte in the sample. Other electrochemical
detection methods, such as amperometric, voltammetric, and
potentiometric techniques, can also be used.

The invention can be used to determine the concentration of a
biomolecule, such as glucose or lactate, in a biological fluid,
such as blood or serum. An enzyme capable of catalyzing the
electrooxidation or electroreduction of the biomolecule is
provided as a second electron transfer agent.

16 Claims, 10 Drawing Sheets
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SMALL VOLUME IN VITRO ANALYTE
SENSOR

CROSS REFERENCE OF RELATED
APPLICATIONS

This application is a continuation of co-pending U.S.
patent application Ser. No. 11/035,131, filed on Jan. 13, 2005,
which is a divisional of U.S. patent application Ser. No.
10/457,585, filed on Jun. 9, 2003, which is a continuation of
U.S. patent application Ser. No. 09/413,735, filed on Oct. 6,
1999, now U.S. Pat. No. 6,576,101, which is a divisional of
U.S. patent application Ser. No. 08/795,767, filed on Feb. 6,
1997, which are incorporated herein by reference in their
entirety.

FIELD OF THE INVENTION

This invention relates to analytical sensors for the detection
of bioanalytes in a small volume sample.

BACKGROUND OF THE INVENTION

Analytical sensors are useful in chemistry and medicine to
determine the presence and concentration of a biological
analyte. Such sensors are needed, for example, to monitor
glucose in diabetic patients and lactate during critical care
events.

Currently available technology measures bioanalytes in
relatively large sample volumes, e.g., generally requiring 3
microliters or more of blood or other biological fluid. These
fluid samples are obtained from a patient, for example, using
a needle and syringe, or by lancing a portion of the skin such
as the fingertip and “milking” the area to obtain a useful
sample volume. These procedures are inconvenient for the
patient, and often painful, particularly when frequent samples
are required. Less painful methods for obtaining a sample are
known such as lancing the arm or thigh, which have a lower
nerve ending density. However, lancing the body in the pre-
ferred regions typically produces submicroliter samples of
blood, because these regions are not heavily supplied with
near-surface capillary vessels.

It would therefore be desirable and very useful to develop
arelatively painless, easy to use blood analyte sensor, capable
of performing an accurate and sensitive analysis of the con-
centration of analytes in a small volume of sample.

SUMMARY OF THE INVENTION

The sensors of the present invention provide a method for
the detection and quantification of an analyte in submicroliter
samples. In general, the invention includes a method and
sensor for analysis of an analyte in a small volume of sample,
preferably by coulometry. A biosensor of the invention uti-
lizes a non-leachable redox mediator, preferably an air-oxi-
dizable redox mediator, and preferably immobilized on a
working electrode. The biosensor also includes a sample
chamber to hold the sample in electrolytic contact with the
working electrode. In a preferred embodiment, the working
electrode faces a counter electrode, forming a measurement
zone within the sample chamber, between the two electrodes,
that is sized to contain less than about 1 ul of sample, pref-
erably less than about 0.5 pul., more less than about 0.2 ul, and
most preferably less than about 0.1 pL. of sample. A sorbent
material is optionally positioned in the sample chamber and
measurement zone to reduce the volume of sample needed to
fill the sample chamber and measurement zone.
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In one embodiment of the invention, a biosensor is pro-
vided which combines the efficiency of coulometric electro-
chemical sensing with a non-leachable redox mediator to
accurately and efficiently measure a bioanalyte in a submi-
croliter volume of sample. The preferred sensor includes an
electrode, a non-leachable redox mediator on the electrode, a
sample chamber for holding the sample in electrical contact
with the electrode and, preferably, sorbent material disposed
within the sample chamber to reduce the volume of the cham-
ber. The sample chamber, together with any sorbent material,
is sized to provide for analysis of a sample volume that is
typically less than about 1 pul, preferably less than about 0.5
uL, more preferably less than about 0.2 pL., and most prefer-
ably less than about 0.1 pL.

One embodiment of the invention includes a method for
determining the concentration of an analyte in a sample by,
first, contacting the sample with an electrochemical sensor
and then determining the concentration of the analyte. The
electrochemical sensor includes a facing electrode pair with a
working electrode and a counter electrode and a sample
chamber, including a measurement zone, positioned between
the two electrodes. The measurement zone is sized to contain
less than about 1 plL of sample.

The invention also includes an electrochemical sensor with
two or more facing electrode pairs. Each electrode pair has a
working electrode, a counter electrode, and a measurement
zone between the two electrodes, the measurement zone
being sized to hold less than about 1 ulL of sample. In addition,
the sensor also includes non-leachable redox mediator on the
working electrode of at least one of the electrode pairs.

One aspect of the invention is a method of determining the
concentration of an analyte in a sample by contacting the
sample with an electrochemical sensor and determining the
concentration of the analyte by coulometry. The electro-
chemical sensor includes an electrode pair with a working
electrode and a counter electrode. The sensor also includes a
sample chamber for holding a sample in electrolytic contact
with the working electrode. Within the sample chamber is
sorbent material to reduce the volume sample needed to fill
the sample chamber so that the sample chamber is sized to
contain less than about 1 pL. of sample.

The invention also includes a sensor and a method for the
determination of the concentration of an analyte in a sample
having a volume of less than about 1 pul.. The sensor has a
support and an air-oxidizable redox mediator coated on the
support. At least 90% of the air-oxidizable redox mediator is
in an oxidized state prior to introduction of a sample. The
method includes contacting the sample with the sensor and
correlating the concentration of the analyte in the sample to a
change in oxidation state of the redox mediator in the pres-
ence of the sample. The sensor and method of this aspect of
the invention are directed to, but not limited to, electrochemi-
cal and optical sensors.

A further aspect of the invention is an integrated sample
acquisition and analyte measurement device which includes a
sample acquisition means for producing a patient sample as
well as a sensor of the invention for measuring analyte in the
sample. The device is used for measuring analyte in a patient
sample by, first, contacting the patient with the device and
then determining the concentration of the analyte, preferably
by coulometry.

Another aspect of the invention is a method for determin-
ing the concentration of an analyte in the sample with reduced
error by contacting the sample with an electrochemical sensor
that includes a first and a second electrode pair. Each elec-
trode pair has a working electrode and a sample chamber for
holding the sample in electrolytic contact with the working
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electrode, the sample chamber being sized to contain less than
about 1 pl. of sample. The first electrode pair also has a
non-leachable redox mediator and non-leachable enzyme on
the working electrode. The second electrode pair has a non-
leachable redox mediator in the absence of enzyme on the
working electrode. The method further includes the step of
measuring substantially simultaneously. and at two or more
times, a first current generated at the first electrode pair and a
second current generated at the second electrode pair. The
measured first currents and second currents are independently
integrated to give a first charge and a second charge, respec-
tively. The second charge is subtracted from the first charge to
give a noise-reduced charge which is then correlated to the
concentration of analyte in the sample. This method can be
used to remove errors arising from interferents or the mixed
oxidation state of the redox mediator prior to introduction of
the sample.

Another method of the invention for the determination of
the concentration of an analyte in a sample includes the step
of'providing an electrochemical sensor which has one or more
facing electrode pairs, each pair having a working and a
counter electrode and a measurement zone between the work-
ing and counter electrodes, the measurement zones of the one
or more electrode pairs having approximately equal volumes
ofless than about 1 pL.. The sensor also includes redox media-
tor on the working electrode of at least one of the electrode
pairs. The method further includes measuring a capacitance
of'one of the electrode pairs and calculating the volume of the
measurement zone of that electrode pair from the capacitance
measurement. In addition, the sensor is brought into contact
with the sample and the concentration of analyte in the sample
is determined by coulometry.

A further aspect of the invention is a method of storing and
packaging an analytical sensor which includes packaging the
sensor in an atmosphere containing molecular oxygen. The
sensor of this aspect of the invention includes air-oxidizable
redox mediator.

One embodiment of the invention is a method of determin-
ing the concentration of an analyte in a sample by contacting
the sample with an electrochemical sensor, electrolyzing less
than about 1 pL. of sample, and determining the concentration
of'the analyte by coulometry. The sensor of this embodiment
of the invention includes a working electrode and non-leach-
able redox mediator on the working electrode. The molar
amount of non-leachable redox mediator in the reduced form
prior to introduction of the sample into the sensor is less than,
on a stoichiometric basis, 5% of the expected molar amount
of analyte to be electrolyzed.

Another method for determining the concentration of an
analyte in a sample includes contacting the sample with an
electrochemical sensor which has a working electrode, a
counter electrode, and a measurement zone bounded on at
least two sides by the two electrodes. The measurement zone
is sized to contain less than about 1 pulL of sample. The con-
centration of analyte in the sample is then determined by
coulometry.

These and various other features which characterize the
invention are pointed out with particularity in the attached
claims. For a better understanding of the invention, its advan-
tages, and objectives obtained by its use, reference should be
made to the drawings and to the accompanying description, in
which there is illustrated and described preferred embodi-
ments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings, wherein like reference
numerals and letters indicate corresponding structure
throughout the several views:
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FIG. 1 is a schematic view of a first embodiment of an
electrochemical sensor in accordance with the principles of
the present invention having a working electrode and a
counter electrode facing each other;

FIG. 2 is a schematic view of a second embodiment of an
electrochemical sensor in accordance with the principles of
the present invention having a working electrode and a
counter electrode in a coplanar configuration;

FIG. 3 is a schematic view of a third embodiment of an
electrochemical sensor in accordance with the principles of
the present invention having a working electrode and a
counter electrode facing each other and having an extended
sample chamber;

FIG. 4 is a not-to-scale side-sectional drawing of a portion
of'the sensor of FIG. 1 or 3 showing the relative positions of
the redox mediator, the sample chamber, and the electrodes;

FIG. 5 is a top view of an embodiment of a multiple elec-
trode sensor in accordance with the principles of the present
invention;

FIG. 61s aperspective view of an embodiment of an analyte
measurement device in accordance with the principles of the
present invention having a sample acquisition means and the
sensor of FIG. 4;

FIG. 7 is a graph of the charge required to electrooxidize a
known quantity of glucose in an electrolyte buffered solution
(filled circles) or serum solution (open circles) using the
sensor of FIG. 1 with glucose oxidase as the second electron
transfer agent;

FIG. 8 is a graph of the average glucose concentrations for
the data of FIG. 7 (buffered solutions only) with calibration
curves calculated to fit the averages; a linear calibration curve
was calculated for the 10-20 mM concentrations and a second
order polynomial calibration curve was calculated for the
0-10 mM concentrations;

FIG. 9 is a Clarke-type clinical grid analyzing the clinical
relevance of the glucose measurements of FIG. 7; and

FIG. 10 is a graph of the charge required to electrooxidize
a known quantity of glucose in an electrolyte buffered solu-
tion using the sensor of FIG. 1 with glucose dehydrogenase as
the second electron transfer agent.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

When used herein, the following definitions define the
stated term:

An “air-oxidizable mediator” is a redox mediator that is
oxidized by air, preferably so that at least 90% of the mediator
is in an oxidized state upon storage in air within a useful
period of time, e.g., one month or less, and, preferably, one
week or less, and, more preferably, one day or less.

A “Dbiological fluid” is any body fluid in which the analyte
can be measured, for example, blood, interstitial fluid, dermal
fluid, sweat, and tears.

The term “blood” in the context of the invention includes
whole blood and its cell-free components, namely, plasma
and serum.

“Coulometry” is the determination of charge passed or
projected to pass during complete or nearly complete elec-
trolysis of the analyte, either directly on the electrode or
through one or more electron transfer agents. The charge is
determined by measurement of charge passed during partial
or nearly complete electrolysis of the analyte or, more often,
by multiple measurements during the electrolysis of a decay-
ing current and elapsed time. The decaying current results
from the decline in the concentration of the electrolyzed
species caused by the electrolysis.
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A “counter electrode” refers to an electrode paired with the
working electrode, through which passes an electrochemical
current equal in magnitude and opposite in sign to the current
passed through the working electrode. In the context of the
invention, the term “counter electrode” is meant to include
counter electrodes which also function as reference elec-
trodes (i.e. a counter/reference electrode).

An “electrochemical sensor” is a device configured to
detect the presence and/or measure the concentration of an
analyte via electrochemical oxidation and reduction reactions
on the sensor. These reactions are transduced to an electrical
signal that can be correlated to an amount or concentration of
analyte.

“Electrolysis” is the electrooxidation or electroreduction
of' a compound either directly at an electrode or via one or
more electron transfer agents.

The term “facing electrodes™ refers to a configuration of
the working and counter electrodes in which the working
surface of the working electrode is disposed in approximate
opposition to a surface of the counter electrode and where the
distance between the working and counter electrodes is less
than the width of the working surface of the working elec-
trode.

A compound is “immobilized” on a surface when it is
entrapped on or chemically bound to the surface.

The “measurement zone” is defined herein as a region of
the sample chamber sized to contain only that portion of the
sample that is to be interrogated during the analyte assay.

A “non-leachable” or “non-releasable” compound is a
compound which does not substantially diffuse away from
the working surface of the working electrode for the duration
of the analyte assay.

A “redox mediator” is an electron transfer agent for carry-
ing electrons between the analyte and the working electrode,
either directly, or via a second electron transfer agent.

A “second electron transfer agent” is a molecule which
carries electrons between the redox mediator and the analyte.

“Sorbent material” is material which wicks, retains, or is
wetted by a fluid sample in its void volume and which does
not substantially prevent diffusion of the analyte to the elec-
trode.

A “working electrode” is an electrode at which analyte is
electrooxidized or electroreduced with or without the agency
of a redox mediator.

A “working surface” is that portion of the working elec-
trode which is coated with redox mediator and configured for
exposure to sample.

The small volume, in vitro analyte sensors of the present
invention are designed to measure the concentration of an
analyte in a portion of a sample having a volume less than
about 1 uL, preferably less than about 0.5 pul, more preferably
less than about 0.2 pl., and most preferably less thanabout 0.1
pL. The analyte of interest is typically provided in a solution
or biological fluid, such as blood or serum. Referring to the
Drawings in general and FIGS. 1-4 in particular, a small
volume, in vitro electrochemical sensor 20 of the invention
generally includes a working electrode 22, a counter (or
counter/reference) electrode 24, and a sample chamber 26
(see FIG. 4). The sample chamber 26 is configured so that
when a sample is provided in the chamber the sample is in
electrolytic contact with both the working electrode 22 and
the counter electrode 24. This allows electrical current to flow
between the electrodes to effect the electrolysis (electrooxi-
dation or electroreduction) of the analyte.

Working Electrode

The working electrode 22 may be formed from a molded

carbon fiber composite or it may consist of an inert non-
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conducting base material, such as polyester, upon which a
suitable conducting layer is deposited. The conducting layer
should have relatively low electrical resistance and should be
electrochemically inert over the potential range of the sensor
during operation. Suitable conductors include gold, carbon,
platinum, ruthenium dioxide and palladium, as well as other
non-corroding materials known to those skilled in the art. The
electrode and/or conducting layers are deposited on the sur-
face of the inert material by methods such as vapor deposition
or printing.

A tab 23 may be provided on the end of the working
electrode 22 for easy connection of the electrode to external
electronics (not shown) such as a voltage source or current
measuring equipment. Other known methods or structures
may be used to connect the working electrode 22 to the
external electronics.

Sensing Layer and Redox Mediator

A sensing layer 32 containing a non-leachable (i.e., non-
releasable) redox mediator is disposed on a portion of the
working electrode 22. Preferably, there is little or no leaching
of the redox mediator away from the working electrode 22
into the sample during the measurement period, which is
typically less than about 5 minutes. More preferably, the
redox mediators of the present invention are bound or other-
wise immobilized on the working electrode 22 to prevent
undesirable leaching of the mediator into the sample. A dif-
fusing or leachable (i.e., releasable) redox mediator is not
desirable when the working and counter electrodes are close
together (i.e., when the electrodes are separated by less than
about 1 mm), because a large background signal is typically
produced as the unbound mediator shuttles electrons between
the working and counter electrodes, rather than between the
analyte and the working electrode. This and other problems
have hindered the development of low resistance cells and
increased the minimum sample size required for determina-
tion of analyte concentration.

Application of sensing layer 32 on working electrode 22
creates a working surface on that electrode. In general, the
working surface is that portion of the working electrode 22
coated with mediator and able to contact a fluid sample. If a
portion of the sensing layer 32 is covered by a dielectric or
other material, then the working surface will only be that
portion of the electrode covered by redox mediator and
exposed for contact with the sample.

The redox mediator mediates a current between the work-
ing electrode 22 and the analyte and enables the electro-
chemical analysis of molecules which are not suited for direct
electrochemical reaction on an electrode. The mediator func-
tions as an electron transfer agent between the electrode and
the analyte.

Almost any organic or organometallic redox species can be
used as a redox mediator. In general, the preferred redox
mediators are rapidly reducible and oxidizable molecules
having redox potentials a few hundred millivolts above or
below that of the standard calomel electrode (SCE), and typi-
cally not more reducing than about —100 mV and not more
oxidizing than about +400 mV versus SCE. Examples of
organic redox species are quinones and quinhydrones and
species that in their oxidized state have quinoid structures,
such as Nile blue and indophenol. Unfortunately, some
quinones and partially oxidized quinhydrones react with
functional groups of proteins such as the thiol groups of
cysteine, the amine groups of lysine and arginine, and the
phenolic groups of tyrosine which may render those redox
species unsuitable for some of the sensors of the present
invention, e.g., sensors that will be used to measure analyte in
biological fluids such as blood.
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In general, mediators suitable for use in the invention have
structures which prevent or substantially reduce the diffu-
sional loss of redox species during the period of time that the
sample is being analyzed. The preferred redox mediators
include a redox species bound to a polymer which can in turn
be immobilized on the working electrode. Useful redox
mediators and methods for producing them are described in
U.S. Pat. Nos. 5,264,104; 5,356,786; 5,262,035; and 5,320,
725, herein incorporated by reference. Although, any organic
or organometallic redox species can be bound to a polymer
and used as a redox mediator, the preferred redox species is a
transition metal compound or complex. The preferred transi-
tion metal compounds or complexes include osmium, ruthe-
nium, iron, and cobalt compounds or complexes. The most
preferred are osmium compounds and complexes.

One type of non-releasable polymeric redox mediator con-
tains a redox species covalently bound in a polymeric com-
position. An example of this type of mediator is poly(vinyl-
ferrocene).

Alternatively, a suitable non-releasable redox mediator
contains an ionically-bound redox species. Typically, these
mediators include a charged polymer coupled to an oppo-
sitely charged redox species. Examples of this type of media-
tor include a negatively charged polymer such as Nafion®
(Dupont) coupled to a positively charged redox species such
as an osmium or ruthenium polypyridyl cation. Another
example of an ionically-bound mediator is a positively
charged polymer such as quaternized poly(4-vinyl pyridine)
or poly(l-vinyl imidazole) coupled to a negatively charged
redox species such as ferricyanide or ferrocyanide.

In another embodiment of the invention, the suitable non-
releasable redox mediators include a redox species coordina-
tively bound to the polymer. For example, the mediator may
be formed by coordination of an osmium or cobalt 2,2'-bipy-
ridyl complex to poly(1-vinyl imidazole) or poly(4-vinyl
pyridine).

The preferred redox mediators are osmium transition metal
complexes with one or more ligands having a nitrogen-con-
taining heterocycle such as 2,2'-bipyridine, 1,10-phenanthro-
line or derivatives thereof. Furthermore, the preferred redox
mediators also have one or more polymeric ligands having at
least one nitrogen-containing heterocycle, such as pyridine,
imidazole, or derivatives thereof. These preferred mediators
exchange electrons rapidly between each other and the elec-
trodes so that the complex can be rapidly oxidized and
reduced.

In particular, it has been determined that osmium cations
complexed with two ligands containing 2,2'-bipyridine, 1,10-
phenanthroline, or derivatives thereof, the two ligands not
necessarily being the same, and further complexed with a
polymer having pyridine or imidazole functional groups form
particularly useful redox mediators in the small volume sen-
sors of the present invention. Preferred derivatives of 2,2'-
bipyridine for complexation with the osmium cation are 4,4'-
dimethyl-2,2'-bipyridine and mono-, di-, and polyalkoxy-2,
2'-bipyridines, such as 4,4'-dimethoxy-2,2'-bipyridine, where
the carbon to oxygen ratio of the alkoxy groups is sufficient to
retain solubility of the transition metal complex in water.
Preferred derivatives of 1,10-phenanthroline for complex-
ation with the osmium cation are 4,7-dimethyl-1,10-phenan-
throline and mono-, di-, and polyalkoxy-1,10-phenanthro-
lines, such as 4,7-dimethoxy-1,10-phenanthroline, where the
carbon to oxygen ratio of the alkoxy groups is sufficient to
retain solubility of the transition metal complex in water.
Preferred polymers for complexation with the osmium cation
include poly(1-vinyl imidazole), e.g., PVI, and poly(4-vinyl
pyridine), e.g., PVP, either alone or with a copolymer. Most
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preferred are redox mediators with osmium complexed with
poly(1-vinyl imidazole) alone or with a copolymer.

The preferred redox mediators have a redox potential
between about —150 mV to about +400 mV versus the stan-
dard calomel electrode (SCE). Preferably, the potential of the
redox mediator is between about -100 mV and +100 mV and
more preferably, the potential is between about -50 mV and
+50 mV. The most preferred redox mediators have osmium
redox centers and a redox potential more negative than +100
mV versus SCE, more preferably the redox potential is more
negative than +50 mV versus SCE, and most preferably is
near -50 mV versus SCE.

Itis also preferred that the redox mediators of the inventive
sensors be air-oxidizable. This means that the redox mediator
is oxidized by air, preferably so that at least 90% of the
mediator is in an oxidized state prior to introduction of sample
into the sensor. Air-oxidizable redox mediators include
osmium cations complexed with two mono-, di-, or poly-
alkoxy-2,2"-bipyridine or mono-, di-, or polyalkoxy-1,10-
phenanthroline ligands, the two ligands not necessarily being
the same, and further complexed with polymers having pyri-
dine and imidazole functional groups. In particular, Os[4,4'-
dimethoxy-2,2'-bipyridine] ,C1*** complexed with poly(4-
vinyl pyridine) or poly(l-vinyl imidazole) attains
approximately 90% or more oxidation in air.

In a preferred embodiment of the invention, the sensing
layer 32 includes a second electron transfer agent which is
capable of transferring electrons to or from the redox media-
tor and the analyte. One example of a suitable second electron
transfer agent is an enzyme which catalyzes a reaction of the
analyte. For example, a glucose oxidase or glucose dehydro-
genase, such as pyrroloquinoline quinone glucose dehydro-
genase (PQQ), is used when the analyte is glucose. A lactate
oxidase fills this role when the analyte is lactate. These
enzymes catalyze the electrolysis of an analyte by transfer-
ring electrons between the analyte and the electrode via the
redox mediator. Preferably, the second electron transfer agent
is non-leachable, and more preferably immobilized on the
electrode, to prevent unwanted leaching of the agent into the
sample. This is accomplished, for example, by cross linking
the second electron transfer agent with the redox mediator,
thereby providing a sensing layer with non-leachable com-
ponents.

To prevent electrochemical reactions from occurring on
portions of the working electrode not coated by the mediator,
a dielectric 40 may be deposited on the electrode over, under,
or surrounding the region with the bound redox mediator, as
shown in FIG. 4. Suitable dielectric materials include waxes
and non-conducting organic polymers such as polyethylene.
Dielectric 40 may also cover a portion of the redox mediator
on the electrode. The covered portion of the mediator will not
contact the sample, and, therefore, will not be a part of the
electrode’s working surface.

Counter Electrode

Counter electrode 24 may be constructed in a manner simi-
lar to working electrode 22. Counter electrode 24 may also be
a counter/reference electrode. Alternatively, a separate refer-
ence electrode may be provided in contact with the sample
chamber. Suitable materials for the counter/reference or ref-
erence electrode include Ag/AgCl printed on a non-conduct-
ing base material or silver chloride on a silver metal base. If
the counter electrode is not a reference electrode, the same
materials and methods may be used to make the counter
electrode as are available for constructing the working elec-
trode 22, however, no redox mediator is immobilized on the
counter or counter/reference electrode 24. A tab 25 may be
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provided on the electrode for convenient connection to the
external electronics (not shown), such as a coulometer or
other measuring device.

In one embodiment of the invention, working electrode 22
and counter electrode 24 are disposed opposite to and facing
each other to form a facing electrode pair as depicted in FIGS.
1 and 3. In this preferred configuration, the sample chamber
26 is typically disposed between the two electrodes. For this
facing electrode configuration, it is preferred that the elec-
trodes are separated by a distance of less than about 0.2 mm,
preferably less than 0.1 mm, and most preferably less than
0.05 mm.

The electrodes need not be directly opposing each other,
they may be slightly offset. Furthermore, the two electrodes
need not be the same size. Preferably, the counter electrode 24
is at least as large as the working surface of the working
electrode 22. The counter electrode 22 can also be formed
with tines in a comb shape. Other configuration of both the
counter electrode and working electrode are within the scope
of the invention. However, the separation distance between
any portion of the working electrode and some portion of the
counter electrode preferably does not exceed the limits speci-
fied hereinabove.

In another embodiment of the invention, the two electrodes
22,24 are coplanar as shown in FIG. 2. In this case, the sample
chamber 26 is in contact with both electrodes and is bounded
on the side opposite the electrodes by a non-conducting inert
base 30. Suitable materials for the inert base include non-
conducting materials such as polyester.

Other configurations of the inventive sensors are also pos-
sible. For example, the two electrodes may be formed on
surfaces that make an angle to each other. One such configu-
ration would have the electrodes on surfaces that form a right
angle. Another possible configuration has the electrodes on a
curved surface such as the interior of a tube. The working and
counter electrodes may be arranged so that they face each
other from opposite sides of the tube. This is another example
of'afacing electrode pair. Alternatively, the electrodes may be
placed near each other on the tube wall (e.g., one on top of the
other or side-by-side).

In any configuration, the two electrodes must be configured
so that they do not make direct electrical contact with each
other, to prevent shorting of the electrochemical sensor. This
may be difficult to avoid when the facing electrodes having a
short (less than about 100 pm) distance between them.

A spacer 28 can be used to keep the electrodes apart when
the electrodes face each other as depicted in FIGS. 1 and 3.
The spacer is typically constructed from an inert non-con-
ducting material such as polyester, Mylar™, Kevlar™ or any
other strong, thin polymer film, or, alternatively, a thin poly-
mer film such as a Teflon™ film, chosen for its chemical
inertness. In addition to preventing contact between the elec-
trodes, the spacer 28 often functions as a portion of the bound-
ary for the sample chamber 26 as shown in FIGS. 1-4.
Sample Chamber

The sample chamber 26 is typically defined by a combina-
tion of the electrodes 22, 24, an inert base 30, and a spacer 28
as shown in FIGS. 1-4. A measurement zone is contained
within this sample chamber and is the region of the sample
chamber that contains only that portion of the sample that is
interrogated during the analyte assay. In the embodiment of
the invention illustrated in FIGS. 1 and 2, sample chamber 26
is the space between the two electrodes 22, 24 and/or the inert
base 30. In this embodiment, the sample chamber has a vol-
ume that is preferably less than about 1 pl., more preferably
less than about 0.5 pl., and most preferably less than about 0.2
pL. In the embodiment of the invention depicted in FIGS. 1
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and 2, the measurement zone has a volume that is approxi-
mately equal to the volume of the sample chamber.

In another embodiment of the invention, shown in FIG. 3,
sample chamber 26 includes much more space than the region
proximate electrodes 22, 24. This configuration makes it pos-
sible to provide multiple electrodes in contact with one or
more sample chambers, as shown in FIG. 5. In this embodi-
ment, sample chamber 26 is preferably sized to contain a
volume of less than about 1 pl, more preferably less than
about 0.5 pL, and most preferably less than about 0.2 pl.. The
measurement zone (i.e., the region containing the volume of
sample to be interrogated) is generally sized to contain a
volume of'sample ofless than about 1 uL., preferably less than
about 0.5 ul., more preferably less than about 0.2 pl., and
most preferably less than about 0.1 pL.. One particularly use-
ful configuration of this embodiment positions working elec-
trode 22 and counter electrode 24 facing each other, as shown
in FIG. 3. In this embodiment, the measurement zone, corre-
sponding to the region containing the portion of the sample
which will be interrogated, is the portion of sample chamber
26 bounded by the working surface of the working electrode
and disposed between the two facing electrodes. When the
surface of the working electrode is not entirely covered by
redox mediator, the measurement zone is the space between
the two facing electrodes that has a surface area correspond-
ing to the working surface (i.e., redox mediator-covered sur-
face) of working electrode 22 and a thickness corresponding
to the separation distance between working electrode 22 and
counter electrode 24.

In both of the embodiments discussed above, the thickness
of the sample chamber and of the measurement zone corre-
spond typically to the thickness of spacer 28 (e.g., the dis-
tance between the electrodes in FIGS. 1 and 3, or the distance
between the electrodes and the inert base in FIG. 2). Prefer-
ably, this thickness is small to promote rapid electrolysis of
the analyte, as more of the sample will be in contact with the
electrode surface for a given sample volume. In addition, a
thin sample chamber helps to reduce errors from diffusion of
analyte into the measurement zone from other portions of the
sample chamber during the analyte assay, because diffusion
time is long relative to the measurement time. Typically, the
thickness of the sample chamber is less than about 0.2 mm.
Preferably, the thickness of the sample chamber is less than
about 0.1 mm and, more preferably, the thickness of the
sample chamber is about 0.05 mm or less.

The sample chamber may be empty before the sample is
placed in the chamber. Alternatively, the sample chamber
may include a sorbent material 34 to sorb and hold a fluid
sample during the measurement process. Suitable sorbent
materials include polyester, nylon, cellulose, and cellulose
derivatives such as nitrocellulose. The sorbent material facili-
tates the uptake of small volume samples by a wicking action
which may complement or, preferably, replace any capillary
action of the sample chamber.

One of the most important functions of the sorbent material
is to reduce the volume of fluid needed to fill the sample
chamber and corresponding measurement zone of the sensor.
The actual volume of sample within the measurement zone is
partially determined by the amount of void space within the
sorbent material. Typically, suitable sorbents consist of about
5% to about 50% void space. Preferably, the sorbent material
consists of about 10% to about 25% void space.

The displacement of fluid by the sorbent material is advan-
tageous. By addition of a sorbent, less sample is needed to fill
sample chamber 26. This reduces the volume of sample that is
required to obtain a measurement and also reduces the time
required to electrolyze the sample.
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The sorbent material 34 may include a tab 33 which is
made of the same material as the sorbent and which extends
from the sensor, or from an opening in the sensor, so that a
sample may be brought into contact with tab 33, sorbed by the
tab, and conveyed into the sample chamber 26 by the wicking
action of the sorbent material 34. This provides a preferred
method for directing the sample into the sample chamber 26.
For example, the sensor may be brought into contact with a
region of an animal (including human) that has been pierced
with a lancet to draw blood. The blood is brought in contact
with tab 33 and drawn into sample chamber 26 by the wicking
action of the sorbent 34. The direct transter of the sample to
the sensor is especially important when the sample is very
small, such as when the lancet is used to pierce a portion of the
animal that is not heavily supplied with near-surface capillary
vessels and furnishes a blood sample volume of less than 1
ul.

Methods other than the wicking action of a sorbent may be
used to transport the sample into the sample chamber or
measurement zone. Examples of such means for transport
include the application of pressure on a sample to push it into
the sample chamber, the creation of a vacuum by a pump or
other vacuum-producing means in the sample chamber to pull
the sample into the chamber, capillary action due to interfa-
cial tension of the sample with the walls of a thin sample
chamber, as well as the wicking action of a sorbent material.

The sensor can also be used in conjunction with a flowing
sample stream. In this configuration, the sample stream is
made to flow through a sample chamber. The flow is stopped
periodically and the concentration of the analyte is deter-
mined by electrochemical method, such as coulometry. After
the measurement, the flow is resumed, thereby removing the
sample from the sensor. Alternatively, sample may flow
through the chamber at a very slow rate, such that all of the
analyte is electrolyzed in transit, yielding a current dependent
only upon analyte concentration and flow rate.

The entire sensor assembly is held firmly together to ensure
that the sample remains in contact with the electrodes and that
the sample chamber and measurement zone maintain the
same volume. This is an important consideration in the cou-
lometric analysis of a sample, where measurement of a
defined sample volume is needed. One method of holding the
sensor together is depicted in FIGS. 1 and 2. Two plates 38 are
provided at opposite ends of the sensor. These plates are
typically constructed of non-conducting materials such as
plastics. The plates are designed so that they can be held
together with the sensor between the two plates. Suitable
holding devices include adhesives, clamps, nuts and bolts,
screws, and the like.

Integrated Sample Acquisition and Analyte Measurement
Device

In a preferred embodiment of the invention, an analyte
measurement device 52 constructed according to the prin-
ciples of the present invention includes a sensor 20, as
described hereinabove, combined with a sample acquisition
means 50 to provide an integrated sampling and measurement
device. The sample acquisition means 50 illustrated in FIG. 6,
includes, for example, a skin piercing member 54, such as a
lancet, attached to a resilient deflectable strip 56 (or other
similar device, such as a spring) which may be pushed to
inject the lancet into a patient’s skin to cause blood flow.

The resilient strip 56 is then released and the skin piercing
member 54 retracts. Blood flowing from the area of skin
pierced by member 54 can then be transported, for example,
by the wicking action of sorbent material 34, into sensor 20
for analysis of the analyte. The analyte measurement device
52 may then be placed in a reader, not shown, which connects
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a coulometer or other electrochemical analysis equipment to
the electrode tabs 23, 25 to determine the concentration of the
analyte by electroanalytical means.

Operation of the Sensor

An electrochemical sensor of the invention is operated in
the following manner. A potential is applied across the work-
ing and counter electrodes. The magnitude of the required
potential is dependent on the redox mediator. The potential at
an electrode where the analyte is electrolyzed is typically
large enough to drive the electrochemical reaction to or near
completion, but the magnitude of the potential is, preferably,
not large enough to induce significant electrochemical reac-
tion of interferents, such as urate, ascorbate, and acetami-
nophen, that may affect the current measurements. Typically
the potential is between about —150 mV and about +400 mV
versus the standard calomel electrode (SCE). Preferably, the
potential of the redox mediator is between about -100 mV
and +100 mV and, more preferably, the potential is between
about -50 mV and +50 mV.

The potential may be applied either before or after the
sample has been placed in the sample chamber. The potential
is preferably applied after the sample has come to rest in the
sample chamber to prevent electrolysis of sample passing
through the measurement zone as the sample chamber is
filling. When the potential is applied and the sample is in the
measurement zone, an electrical current will flow between the
working electrode and the counter electrode. The current is a
result of the electrolysis of the analyte in the sample. This
electrochemical reaction occurs via the redox mediator and
the optional second electron transfer agent. For many biomol-
ecules, B, the process is described by the following reaction
equations:

M

nzyme

nA(ox) + B nA(red) + C

@

nA(red) ne”

— 1nA(ox) +

Biochemical B is oxidized to C by redox mediator species A
in the presence of an appropriate enzyme. Then the redox
mediator A is oxidized at the electrode. Electrons are col-
lected by the electrode and the resulting current is measured.

As an example, one sensor of the present invention is based
on the reaction of a glucose molecule with two non-leachable
ferricyanide anions in the presence of glucose oxidase to
produce two non-leachable ferrocyanide anions, two protons
and gluconolactone. The amount of glucose present is
assayed by electrooxidizing the non-leachable ferrocyanide
anions to non-leachable ferricyanide anions and measuring
the total charge passed.

Those skilled in the art will recognize that there are many
different reaction mechanisms that will achieve the same
result; namely the electrolysis of an analyte through a reac-
tion pathway incorporating a redox mediator. Equations (1)
and (2) are a non-limiting example of such a reaction.

In a preferred embodiment of the invention, coulometry is
used to determine the concentration of the analyte. This mea-
surement technique utilizes current measurements obtained
at intervals over the course of the assay, to determine analyte
concentration. These current measurements are integrated
over time to obtain the amount of charge, Q, passed to or from
the electrode. Q is then used to calculate the concentration of
the analyte by the following equation:

[analyte]=Q/mFV 3)
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where n is the number of electron equivalents required to
electrolyze the analyte, F is Faraday’s constant (approxi-
mately 96,500 coulombs per equivalent), and V is the volume
of sample in the measurement zone.

In one embodiment of the invention, the analyte is com-
pletely or nearly completely electrolyzed. The charge is then
calculated from current measurements made during the elec-
trochemical reaction and the concentration of the analyte is
determined using equation (3). The completion of the elec-
trochemical reaction is typically signaled when the current
reaches a steady-state value. This indicates that all or nearly
all of the analyte has been electrolyzed. For this type of
measurement, at least 90% of the analyte is typically electro-
lyzed, preferably, at least 95% of the analyte is electrolyzed
and, more preferably, at least 99% of the analyte is electro-
lyzed.

For this method it is desirable that the analyte be electro-
lyzed quickly. The speed of the electrochemical reaction
depends on several factors, including the potential that is
applied between the electrodes and the kinetics of reactions
(1) and (2). (Other significant factors include the size of the
measurement zone and the presence of sorbent in the mea-
surement zone.) In general, the larger the potential, the larger
the current through the cell (up to a transport limited maxi-
mum) and therefore, the faster the reaction will typically
occur. However, if the potential is too large, other electro-
chemical reactions may introduce significant error in the
measurement. Typically, the potential between the electrodes
as well as the specific redox mediator and optional second
electron transfer agent are chosen so that the analyte will be
almost completely electrolyzed in less than 5 minutes, based
on the expected concentration of the analyte in the sample.
Preferably, the analyte will be almost completely electrolyzed
within about 2 minutes and, more preferably, within about 1
minute.

In another embodiment of the invention, the analyte is only
partially electrolyzed. The current is measured during the
partial reaction and then extrapolated using mathematical
techniques known to those skilled in the art to determine the
current curve for the complete or nearly complete electrolysis
of the analyte. Integration of this curve yields the amount of
charge that would be passed if the analyte were completely or
nearly completely electrolyzed and, using equation (3), the
concentration of the analyte is calculated.

The above described methods are based on coulometric
analyses, due to the advantages of coulometric measure-
ments, as described hereinbelow. However, those skilled in
the art will recognize that a sensor of the invention may also
utilize potentiometric, amperometric, voltammetric, and
other electrochemical techniques to determine the concentra-
tion of an analyte in a sample. There are, however, disadvan-
tages to using some of these techniques. The measurements
obtained by these non-coulometric methods are not tempera-
ture independent as the current and potential obtained by the
electrolysis of an analyte on an electrode is very sensitive to
sample temperature. This presents a problem for the calibra-
tion of a sensor which will be used to measure bioanalytes and
other samples at unknown or variable temperatures.

In addition, the measurements obtained by these non-cou-
lometric electrochemical techniques are sensitive to the
amount of enzyme provided in the sensor. If the enzyme
deactivates or decays over time, the resulting measurements
will be affected. This will limit the shelf life of such sensors
unless the enzyme is very stable.

Finally, the measurements obtained by non-coulometric
electrochemical techniques such as amperometry will be
negatively affected if a substantial portion of the analyte is
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electrolyzed during the measurement period. An accurate
steady-state measurement can not be obtained unless there is
sufficient analyte so that only a relatively small portion of the
analyte is electrolyzed during the measurement process.

The electrochemical technique of coulometry overcomes
these problems. Coulometry is a method for determining the
amount of charge passed or projected to pass during complete
or nearly complete electrolysis of the analyte. One coulom-
etric technique involves electrolyzing the analyte on a work-
ing electrode and measuring the resulting current between the
working electrode and a counter electrode at two or more
times during the electrolysis. The electrolysis is complete
when the current reaches a steady state. The charge used to
electrolyze the sample is then calculated by integrating the
measured currents over time. Because the charge is directly
related to the amount of analyte in the sample there is no
temperature dependence of the measurement. In addition, the
activity of the redox mediator does not affect the value of the
measurement, but only the time required to obtain the mea-
surement (i.e., less active redox mediator requires a longer
time to achieve complete electrolysis of the sample) so that
decay of the mediator over time will not render the analyte
concentration determination inaccurate. And finally, the
depletion of the analyte in the sample by electrolysis is not a
source of error, but rather the objective of the technique.
(However, the analyte need not be completely electrolyzed if
the electrolysis curve is extrapolated from the partial elec-
trolysis curve based on well-known electrochemical prin-
ciples.)

For coulometry to be an effective measurement technique
for determining the concentration of an analyte in a sample, it
is necessary to accurately determine the volume of the mea-
sured sample. Unfortunately, the volume of the sample in the
measurement zone of a small volume sensor (i.e., less than
one microliter) may be difficult to accurately determine
because the manufacturing tolerances of one or more dimen-
sions of the measurement zone may have significant vari-
ances.

Air-Oxidizable Redox Mediators

Another source of error in a coulometric sensor is the
presence of electrochemical reactions other than those asso-
ciated with the analyte. In a sensor having a redox mediator,
a potential source of measurement error is the presence of
redox mediator in an unknown mixed oxidation state (i.e.,
mediator not reproducibly in a known oxidation state). Redox
mediator will then be electrolyzed at the electrode, not in
response to the presence of an analyte, but simply due to its
initial oxidation state. Referring to equations (1) and (2),
current not attributable to the oxidation of biochemical B will
flow due to oxidation of a portion of a redox mediator, A, that
is in its reduced form prior to the addition of the sample. Thus,
it is important to know the oxidation state of the analyte prior
to introduction of the sample into the sensor. Furthermore, it
is desirable that all or nearly all of the redox mediator be in a
single oxidation state prior to the introduction of the sample
into the sensor.

Each redox mediator has a reduced form or state and an
oxidized form or state. In one aspect of the invention, it is
preferred that the amount of redox mediator in the reduced
form prior to the introduction of sample be significantly
smaller than the expected amount of analyte in a sample in
order to avoid a significant background contribution to the
measured current. In this embodiment of the invention, the
molar amount of redox mediator in the reduced form prior to
the introduction of the analyte is preferably less than, on a
stoichiometric basis, about 10%, and more preferably less
than about 5%, and most preferably less than 1%, ofthe molar
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amount of analyte for expected analyte concentrations. (The
molar amounts of analyte and redox mediator should be com-
pared based on the stoichiometry of the applicable redox
reaction so that if two moles of redox mediator are needed to
electrolyze one mole of analyte, then the molar amount of
redox mediator in the reduced form prior to introduction of
the analyte is preferably less than 20% and more preferably
less than about 10% and most preferably less than about 2%
of the molar amount of analyte for expected analyte concen-
trations.) Methods for controlling the amount of reduced
mediator are discussed below.

In another aspect of the invention, it is preferred that the
relative ratio of oxidized redox mediator to reduced redox
mediator prior to introduction of the sample in the sensor be
relatively constant between similarly constructed sensors.
The degree of variation in this ratio between similarly con-
structed sensors will negatively affect the use of a calibration
curve to account for the reduced mediator, as significant
variations between sensors will make the calibration less
reliable. For this aspect of the invention, the percentage of the
redox mediator in the reduced form prior to introduction of
the sample in the sensor varies by less than about 20% and
preferably less than about 10% between similarly constructed
sensors.

One method of controlling the amount of reduced redox
mediator prior to the introduction of the sample in the sensor
is to provide an oxidizer to oxidize the reduced form of the
mediator. One of the most convenient oxidizers is O,. Oxygen
is usually readily available to perform this oxidizing function.
Oxygen can be supplied by exposing the sensor to air. In
addition, most polymers and fluids absorb O, from the air
unless special precautions are taken. Typically, at least 90% of
an air-oxidizable (i.e., O, oxidizable) mediator is in the oxi-
dized state upon storage or exposure to air for a useful period
of time, e.g., one month or less, and preferably, one week or
less, and, more preferably, one day or less.

Suitable mediators which are both air-oxidizable (i.e.,
0,-oxidizable) and have electron transfer capabilities have
been described hereinabove. One particular family of useful
mediators are osmium complexes which are coordinated or
bound to ligands with one or more nitrogen-containing het-
erocycles. In particular, osmium complexed with mono-, di-,
and polyalkoxy-2,2"-bipyridine or mono-, di-, and poly-
alkoxy-1,10-phenanthroline, where the alkoxy groups have a
carbon to oxygen ratio sufficient to retain solubility in water,
are air-oxidizable. These osmium complexes typically have
two substituted bipyridine or substituted phenanthroline
ligands, the two ligands not necessarily being identical. These
osmium complexes are further complexed with a polymeric
ligand with one or more nitrogen-containing heterocycles,
such as pyridine and imidazole. Preferred polymeric ligands
include poly(4-vinyl pyridine) and, more preferably, poly(1-
vinyl imidazole) or copolymers thereof. Os[4,4'-dimethoxy-
2,2"-bipyridine],C1**? complexed with a poly(1-vinyl imida-
zole) or poly(4-vinyl pyridine) has been shown to be
particularly useful as the Os*? cation is oxidizable by O, to
Os*. Similar results are expected for complexes of Os[4,7-
dimethoxy-1,10-phenanthroline] ,C1**2, and other mono-,
di-, and polyalkoxy bipyridines and phenanthrolines, with the
same polymers.

A complication associated with air-oxidizable mediators
arises if the air oxidation of the redox mediator is so fast that
a substantial portion of the analyte-reduced redox mediator is
oxidized by O, during an analyte assay. This will result in an
inaccurate assay as the amount of analyte will be underesti-
mated because the mediator will be oxidized by the oxidizer
rather than by electrooxidation at the electrode. Thus, it is
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preferred that the reaction of the redox mediator with O,
proceeds more slowly than the electrooxidation of the media-
tor. Typically, less than 5%, and preferably less than 1%, of
the reduced mediator should be oxidized by the oxidizer
during an assay.

The reaction rate of the air oxidation of the mediator can be
controlled through choice of an appropriate complexing poly-
mer. For example, the oxidation reaction is much faster for
Os[4,4'-dimethoxy-2,2'-bipyridine] ,CI**?  coordinatively
coupled to poly(l-vinyl imidazole) than for the same Os
complex coupled to poly(4-vinyl pyridine). The choice of an
appropriate polymer will depend on the expected analyte
concentration and the potential applied between the elec-
trodes, both of which determine the rate of the electrochemi-
cal reaction.

Thus, in one embodiment of the invention, the preferred
redox mediator has the following characteristics: 1) the
mediator does not react with any molecules in the sample or
in the sensor other than the analyte (optionally, via a second
electron transfer agent); 2) nearly all of the redox mediator is
oxidized by an oxidizer such as O, prior to introduction of the
sample in the sensor; and 3) the oxidation of the redox media-
tor by the oxidizer is slow compared to the electrooxidation of
the mediator by the electrode.

Alternatively, if the redox mediator is to be oxidized in the
presence of the analyte and electroreduced at the electrode, a
reducer rather than an oxidizer would be required. The same
considerations for the appropriate choice of reducer and
mediator apply as described hereinabove for the oxidizer.

The use of stable air-oxidizable redox mediators in the
electrochemical sensors of the invention provides an addi-
tional advantage during storage and packaging. Sensors of the
invention which include air oxidizable redox mediators can
be packaged in an atmosphere containing molecular oxygen
and stored for long periods of time, e.g., greater than one
month, while maintaining more than 80% and preferably
more than 90% of the redox species in the oxidized state.
Optical Sensors

The air-oxidizable redox species of the present invention
can be used in other types of sensors. The osmium complexes
described hereinabove are suitable for use in optical sensors,
due to the difference in the absorption spectra and fluores-
cence characteristics of the complexed Os*2 and Os*> species.
Absorption, transmission, reflection, or fluorescence mea-
surements of the redox species will correlate with the amount
of analyte in the sample (after reaction between an analyte
and the redox species, either directly, or via a second electron
transfer agent such as an enzyme). In this configuration, the
molar amount of redox mediator should be greater, on a
stoichiometric basis, than the molar amount of analyte rea-
sonably expected to fill the measurement zone of the sensor.

Standard optical sensors, including light-guiding optical
fiber sensors, and measurement techniques can be adapted for
use with the air-oxidizable mediators For example, the optical
sensors of the invention may include a light-transmitting or
light reflecting support on which the air-oxidizable redox
species, and preferably an analyte-responsive enzyme, is
coated to form a film. The support film forms one boundary
for the measurement zone in which the sample is placed. The
other boundaries of the measurement zone are determined by
the configuration of the cell. Upon filling the measurement
zone with an analyte-containing sample, reduction of the
air-oxidizable mediator by the analyte, preferably via reac-
tion with the analyte-responsive enzyme, causes a shift in the
mediator’s oxidation state that is detected by a change in the
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light transmission, absorption, or reflection spectra or in the
fluorescence of the mediator at one or more wavelengths of
light.

Multiple Electrode Sensors and Calibration

Errors in assays may occur when mass produced sensor are
used because of variations in the volume of the measurement
zone of the sensors. Two of the three dimensions of the
measurement zone, the length and the width, are usually
relatively large, between about 1-5 mm. Electrodes of such
dimensions can be readily produced with a variance of 2% or
less. The submicroliter measurement zone volume requires,
however, that the third dimension be smaller than the length
or width by one or two order of magnitude. As mentioned
hereinabove, the thickness of the sample chamber is typically
between about 0.1 and about 0.01 mm. Manufacturing vari-
ances in the thickness may be as large or larger than the
desired thickness. Therefore, it is desirable that a method be
provided to accommodate for this uncertainty in the volume
of sample within the measurement zone.

In one embodiment of the invention, depicted in FIG. 5,
multiple working electrodes 42, 44, 46 are provided on a base
material 48. These electrodes are covered by another base, not
shown, which has counter electrodes, not shown, disposed
upon it to provide multiple facing electrode pairs. The vari-
ance in the separation distance between the working electrode
and the counter electrode among the electrode pairs on a
given sensor is significantly reduced, because the working
electrodes and counter electrodes are each provided on a
single base with the same spacer 28 between each electrode
pair (see FIG. 3).

One example of a multiple electrode sensor that can be
used to accurately determine the volume of the measurement
zones of the electrode pairs and also useful in reducing noise
is presented herein. In this example, one of the working
electrodes 42 is prepared with a non-leachable redox media-
tor and a non-leachable second electron transfer agent (e.g.,
an enzyme). Sorbent material may be disposed between that
working electrode 42 and its corresponding counter elec-
trode. Another working electrode 44 includes non-leachable
redox mediator, but no second electron transfer agent on the
electrode. Again, this second electrode pair may have sorbent
material between the working electrode 44 and the corre-
sponding counter electrode. An optional third working elec-
trode 46 has no redox mediator and no second electron trans-
fer agent bound to the electrode, nor is there sorbent material
between the working electrode 46 and its corresponding
counter electrode.

The thickness of the sample chamber can be determined by
measuring the capacitance, preferably in the absence of any
fluid, between electrode 46 (or any of the other electrodes 42,
44 in the absence of sorbent material) and its corresponding
counter electrode. The capacitance of an electrode pair
depends on the surface area of the electrodes, the interelec-
trode spacing, and the dielectric constant of the material
between the plates. The dielectric constant of air is unity
which typically means that the capacitance of this electrode
configuration is a few picofarads (or about 100 picofarads if
there is fluid between the electrode and counter electrode
given that the dielectric constant for most biological fluids is
approximately 75). Thus, since the surface area of the elec-
trodes are known, measurement of the capacitance of the
electrode pair allows for the determination of the thickness of
the measurement zone to within about 1-5%.

The amount of void volume in the sorbent material, can be
determined by measuring the capacitance between electrode
44 (which has no second electron transfer agent) and its
associated counter electrode, both before and after fluid is
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added. Upon adding fluid, the capacitance increases mark-
edly since the fluid has a much larger dielectric constant.
Measuring the capacitance both with and without fluid allows
the determination of the spacing between the electrodes and
the void volume in the sorbent, and thus the volume of the
fluid in the reaction zone.

The sensor error caused by redox mediator in a non-uni-
form oxidation state prior to the introduction of the sample
can be measured by concurrently electrolyzing the sample in
the measurement zones that are proximate electrodes 42 and
44. At electrode 42, the analyte is electrolyzed to provide the
sample signal. At electrode 44, the analyte is not electrolyzed
because of the absence of the second electron transfer agent
(assuming that a second electron transfer agent is necessary).
However, a small charge will pass (and a small current will
flow) due to the electrolysis of the redox mediator that was in
a mixed oxidation state (i.e., some redox centers in the
reduced state and some in the oxidized state) prior to the
introduction of the sample. The small charge passed between
the electrodes in this second electrode pair can be subtracted
from the charge passed between the first electrode pair to
substantially remove the error due to the oxidation state of the
redox mediator. This procedure also reduces the error asso-
ciated with other electrolyzed interferents, such as ascorbate,
urate, and acetaminophen.

Other electrode configurations can also use these tech-
niques (i.e., capacitance measurements and coulometric mea-
surements in the absence of a critical component) to reduce
background noise and error due to interferents and imprecise
knowledge of the volume of the interrogated sample. Proto-
cols involving one or more electrode pairs and one or more of
the measurements described above can be developed and are
within the scope of the invention. For example, only one
electrode pair is needed for the capacitance measurements,
however, additional electrode pairs may be used for conve-
nience.

EXAMPLES

The invention will be further characterized by the follow-
ing examples. These examples are not meant to limit the
scope of the invention which has been fully set forth in the
foregoing description. Variations within the concepts of the
invention are apparent to those skilled in the art.

Example 1

Preparation of a Small Volume In Vitro Sensor for
the Determination of Glucose Concentration

A sensor was constructed corresponding to the embodi-
ment of the invention depicted in FIG. 1. The working elec-
trode was constructed on a Mylar™ film (DuPont), the
Mylar™ film having a thickness 0f 0.175 mm and a diameter
of about 2.5 cm. An approximately 12 micron thick carbon
pad having a diameter of about 1 cm was screen printed on the
Mylar™ film. The carbon electrode was overlaid with a
water-insoluble dielectric insulator (Insulayer) having a
thickness of 12 um, and a 4 mm diameter opening in the
center.

The center of the carbon electrode, which was not covered
by the dielectric, was coated with a redox mediator. The redox
mediator was formed by complexing poly(l-vinyl imidazole)
with Os(4,4'-dimethoxy-2,2'-bipyridine),Cl, followed by
cross-linking glucose oxidase with the osmium polymer
using polyethylene glycol diglycidyl ether as described in
Taylor, et al., J. Electroanal. Chem., 396:511 (1995). The
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ratio of osmium to imidazole functionalities in the redox
mediator was approximately 1:15. The mediator was depos-
ited on the working electrode in a layer having a thickness of
0.6 um and a diameter of 4 mm. The coverage of the mediator
on the electrode was about 60 ug/cm? (dry weight). A spacer
material was placed on the electrode surrounding the media-
tor-covered surface of the electrode. The spacer was made of
poly(tetrafluoroethylene) (PTFE) and had a thickness of
about 0.040 mm.

A sorbent material was placed in contact with the mediator-
covered surface of the working electrode. The sorbent was
made of nylon (Tetko Nitex nylon 3-10/2) and had a diameter
of 5 mm, a thickness 0f0.045 mm, and a void volume of about
20%. The volume of sample in the measurement zone was
calculated from the dimensions and characteristics of the
sorbent and the electrode. The measurement zone had a diam-
eter of 4 mm (the diameter of the mediator covered surface of
the electrode) and a thickness of 0.045 mm (thickness of the
nylon sorbent) to give a volume of 0.57 pL.. Of this space,
about 80% was filled with nylon and the other 20% was void
space within the nylon sorbent. This resulting volume of
sample within the measurement zone was about 0.11 pl.

A counter/reference electrode was placed in contact with
the spacer and the side of the sorbent opposite to the working
electrode so that the two electrodes were facing each other.
The counter/reference electrode was constructed on a
Mylar™ film having a thickness 0f 0.175 mm and a diameter
of'about 2.5 cm onto which a 12 micron thick layer of'silver/
silver chloride having a diameter of about 1 cm was screen
printed.

The electrodes, sorbent, and spacer were pressed together
using plates on either side of the electrode assembly. The
plates were formed of polycarbonate plastic and were
securely clamped to keep the sensor together. The electrodes
were stored in air for 48 hours prior to use.

Tabs extended from both the working electrode and the
counter/reference electrode and provided for an electrical
contact with the analyzing equipment. A potentiostat was
used to apply a potential difference of +200 mV between the
working and counter/reference electrodes, with the working
electrode being the anode. There was no current flow between
the electrodes in the absence of sample, which was expected,
as no conductive path between the electrodes was present.

The sample was introduced via a small tab of nylon sorbent
material formed as an extension from the nylon sorbent in the
sample chamber. Liquid was wicked into the sorbent when
contact was made between the sample and the sorbent tab. As
the sample chamber filled and the sample made contact with
the electrodes, current flowed between the electrodes. When
glucose molecules in the sample came in contact with the
glucose oxidase on the working electrode, the glucose mol-
ecules were electrooxidized to gluconolactone. The osmium
redox centers in the redox mediator then reoxidized the glu-
cose oxidase. The osmium centers were in turn reoxidized by
reaction with the working electrode. This provided a current
which was measured and simultaneously integrated by a cou-
lometer. (EG&G Princeton Applied Research Model #173)

The electrochemical reaction continued until the current
reached a steady state value which indicated that greater than
95% of the glucose had been electroreduced. The current
curve obtained by measurement of the current at specific
intervals was integrated to determine the amount of charge
passed during the electrochemical reaction. These charges
were then plotted versus the known glucose concentration to
produce a calibration curve.

The sensor was tested using 0.5 pL. aliquots of solutions
containing known concentrations of glucose in a buffer of
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artificial cerebrospinal fluid or in a control serum (Baxter-
Dade, Monitrol Level 1, Miami, Fla.) in the range of 3 to 20
mM glucose. The artificial cerebrospinal fluid was prepared
as a mixture of the following salts: 126 mM NaCl, 27.5 mM
NaHCO;, 24 mM KCl, 0.5 mM KH,PO,, 1.1 mM
CaCl,.2H,0, and 0.5 mM Na,SO,.

The results of the analyses are shown in Table 1 and in FIG.
7.InTable 1,Q,,, is the average charge used to electrolyze the
glucosein 3-6 identical test samples (F1G. 7 graphs the charge
for each of the test samples) and the 90% rise time corre-
sponds to the amount of time required for 90% of the glucose
to be electrolyzed. The data show a sensor precision of
10-20%, indicating adequate sensitivity of the sensor for low
glucose concentrations, as well as in the physiologically rel-
evant range (30 pg/dL.-600 pg/dL).

TABLE 1
Sensor Results Using Glucose Oxidase
Number of

Samples 90% rise time

Tested Qg (HC) (sec)
buffer only 4 9.9 +1.8 136
3 mM glucose/buffer 5 178 3.5 19«5
6 mM glucose/buffer 4 49449 25=+3
10 mM glucose/buffer 6 96.1 124 36 =17
15 mM glucose/buffer 5 2052 =75.7 56 =23
20 mM glucose/buffer 4 255.7+41.0 62 =17
4.2 mM glucose/serum 3 442 43 44 +3
15.8 mM glucose/serum 3 2182 =575 72 £21

The average measured values of glucose concentration
were fit by one or more equations to provide a calibration
curve. FIG. 8 shows the calibration curves for the glucose/
buffer data of Table 1. One of the 15.0 mM glucose measure-
ments was omitted from these calculations because it was
more than two standard deviations away from the average of
the measurements. The higher glucose concentrations (10-20
mM) were fit by a linear equation. The lower glucose con-
centrations were fit by a second order polynomial.

FIG. 9 shows the data of Table 1 plotted on an error grid
developed by Clarke, et al. Diabetes Care, 5, 622-27, 1987,
for the determination of the outcome of errors based on inac-
curate glucose concentration determination. The graph plots
“true” glucose concentration vs. measured glucose concen-
tration, where the measured glucose concentration is deter-
mined by calculating a glucose concentration using the cali-
bration curves of FIG. 8 for each data point of FIG. 7. Points
in Zone A are accurate, those in zone B are clinically accept-
able, and those in zones C, D, and E lead to increasingly
inappropriate and finally dangerous treatments.

There were 34 data points. Of those data points 91% fell in
zone A, 6% in zone B, and 3% in zone C. Only one reading
was determined to be in zone C. This reading was off-scale
and is not shown in FIG. 9. Thus, 97% of the readings fell in
the clinically acceptable zones A and B.

The total number of Os atoms was determined by reducing
all of the Os and then electrooxidizing it with a glucose-free
buffer in the sample chamber. This resulted in a charge of
59.6+5.4 uC. Comparison of this result with the glucose-free
buffer result in Table 1 indicated that less than 20% of the Os
is in the reduced form prior to introduction of the sample. The
variability in the quantity of osmium in the reduced state is
less than 5% of the total quantity of osmium present.
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Example 2

Response of the Glucose Sensor to Interferents

A sensor constructed in the same manner as described
above for Example 1 was used to determine the sensor’s
response to interferents. The primary electrochemical inter-
ferents for blood glucose measurements are ascorbate,
acetaminophen, and urate. The normal physiological or thera-
peutic (in the case of acetaminophen) concentration ranges of
these common interferents are:

ascorbate: 0.034-0.114 mM

acetaminophen: 0.066-0.200 mM

urate (adult male): 0.27-0.47 mM
Tietz, in: Textbook of Clinical Chemistry, C. A. Burtis and E.
R. Ashwood, eds., W.B. Saunders Co., Philadelphia 1994, pp.
2210-12.

Buffered glucose-free interferent solutions were tested
with concentrations of the interferents at the high end of the
physiological or therapeutic ranges listed above. The injected
sample volume in each case was 0.5 uL.. A potential of +100
mV or +200 mV was applied between the electrodes. The
average charge) (Q,,,,) was calculated by subtracting an aver-
age background current obtained from a buffer-only (i.e.,
interferent-free) solution from an average signal recorded
with interferents present. The resulting average charge was
compared with the signals from Table 1 for 4 mM and 10 mM
glucose concentrations to determine the percent error that
would result from the interferent.

TABLE 2

Interferent Response of Glucose Sensors

Error @ Error @

4mM 10 mM
Solution EmV) n Quvg (UC)  glucose  glucose
0.114 mM ascorbate 100 4 0.4 2% <1%
0.114 mM ascorbate 200 4 -0.5 2% <1%
0.2 mM acetaminophen 100 4 0.1 <1% <1%
0.2 mM acetaminophen 200 4 1.0 5% 1%
0.47 mM urate 100 4 6.0 30% 7%
0.47 mM urate 200 4 18.0 90% 21%

These results indicated that ascorbate and acetaminophen
were not significant interferents for the glucose sensor con-
figuration, especially for low potential measurements. How-
ever, urate provided significant interference. This interfer-
ence can be minimized by calibrating the sensor response to
a urate concentration of 0.37 mM, e.g., by subtracting an
appropriate amount of charge as determined by extrapolation
from these results from all glucose measurements of the sen-
sor. The resulting error due to a 0.10 mM variation in urate
concentration (the range of urate concentrationis 0.27-0.47 in
an adult male) would be about 6% at 4 mM glucose and 100
mV.

Example 3
Sensor with Glucose Dehydrogenase

A sensor similar to that described for Example 1 was pre-
pared and used for this example, except that glucose oxidase
was replaced by pyrroloquinoline quinone glucose dehydro-
genase and a potential of only +100 mV was applied as
opposed to the +200 mV potential in Example 1. The results
are presented in Table 3 below and graphed in FIG. 10.
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TABLE 3

Sensor Results Using Glucose Dehydrogenase

n Qavg (HC) 90% rise time (s)
buffer 4 21.7x5.2 14«3
3 mM glucose/buffer 4 96.9 £15.0 24+6
6 mM glucose/buffer 4 190.6 +18.4 26 =6
10 mM glucose/buffer 4 327.8 £69.3 429

The results indicated that the charge obtained from the
glucose dehydrogenase sensor was much larger than for the
comparable glucose oxidase sensor, especially for low con-
centrations of glucose. For 4 mM glucose concentrations the
measurements obtained by the two sensors differed by a
factor of five. In addition, the glucose dehydrogenase sensor
operated at a lower potential, thereby reducing the effects of
interferent reactions.

In addition, the results from Table 3 were all fit by a linear
calibration curve as opposed to the results in Example 1, as
shown in FIG. 10. A single linear calibration curve is greatly
preferred to simplify sensor construction and operation.

Also, assuming that the interferent results from Table 2 are
applicable for this sensor, all of the interferents would intro-
duce an error of less than 7% for a 3 mM glucose solution at
a potential of 100 mV.

Example 4

Determination of Lactate Concentration in a Fluid
Stream

The sensor of this Example was constructed using a flow
cell (BioAnalytical Systems, Inc. # MF-1025) with a glassy
carbon electrode. A redox mediator was coated on the elec-
trode of the flow cell to provide a working electrode. In this
case, the redox mediator was a polymer formed by complex-
ing poly(1-vinyl imidazole) with Os(4,4'-dimethyl-2,2'-bipy-
ridine),Cl, with a ratio of 1 osmium for every 15 imidazole
functionalities. Lactate oxidase was cross-linked with the
polymer via polyethylene glycol diglycidyl ether. The media-
tor was coated onto the electrode with a coverage of 500
pg/cm? and a thickness of 5 um. The mediator was covered by
apolycarbonate track-etched membrane (Osmonics-Poretics
#10550) to improve adherence in the flow stream. The mem-
brane was then overlaid by a single 50 um thick spacer gasket
(BioAnalytical Systems, Inc. #MF-1062) containing a void
which defined the sample chamber and corresponding mea-
surement zone. Assembly of the sensor was completed by
attachment of a cell block (Bio Analytical Systems, Inc. #MF-
1005) containing the reference and auxiliary electrodes of the
flow cell.

The sample chamber in this case corresponded to a 50 pm
thick cylinder (the thickness of the spacer gasket) in contact
with a mediator-coated electrode having a surface area of
0.031 cm?. The calculated volume of sample in the measure-
ment zone of this sensor was approximately 0.16 pL.

The flow rate of the fluid stream was 5 pl./min. A standard
three electrode potentiostat was attached to the cell leads and
apotential of +200 mV was applied between the redox media-
tor-coated glassy carbon electrode and the reference elec-
trode. This potential was sufficient to drive the enzyme-me-
diated oxidation of lactate.

As the fluid stream flowed through the sensor, a steady-
state current proportional to the lactate concentration was
measured. At periodic intervals the fluid flow was stopped and
current was allowed to flow between the electrodes until
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approximately all of the lactate in the measurement zone was
electrooxidized, as indicated by the achievement of a stabi-
lized, steady-state current. The total charge, Q, required for
lactate electrooxidation was found by integration of the dif-
ferential current registered from the flow stoppage until the
current reached a steady-state. The concentration was then
calculated by the following equation:

[lactate]=Q/RFV @

where V is the volume of sample within the measurement
zone and F is Faraday’s constant.

This assay was performed using lactate solutions having
nominal lactate concentrations of 1.0, 5.0, and 10.0 mM. The
measured concentrations for the assay were 1.9, 5.4, and 8.9
mM respectively.

Example 5

Determination of the Oxidation State of Os(4,4'-
dimethoxy-2,2'-bipyridine),C1”*? Complexed with
poly(1-vinyl imidazole)

A sensor having athree electrode design was commercially
obtained from Ecossensors [td., Long Hanborough,
England, under the model name “large area disposable elec-
trode”. The sensor contained parallel and coplanar working,
reference and counter electrodes. The working surface area
(0.2 cm®) and counter electrodes were formed of printed
carbon and the reference electrode was formed of printed
Ag/AgCl. A redox mediator was coated on the carbon work-
ing electrode. The redox mediator was formed by complex-
ation of poly(1-vinyl imidazole) with Os(4,4'-dimethoxy-2,
2'-bipyridine),Cl,, in a ratio of 15 imidazole groups per Os
cation followed by cross linking the osmium polymer with
glucose oxidase using polyethylene glycol diglycidyl ether.

The electrode was cured at room temperature for 24 hours.
The coplanar electrode array was then immersed in a buffered
electrolyte solution, and a potential of +200 mV (sufficient for
conversion of Os(II) to Os(IIl),) was applied between the
working electrode and the reference electrode.

Upon application of the potential, an undetectable charge
of less than 1 puC was passed. Subsequent reduction and
reoxidation of the redox mediator yielded a charge for con-
version of all Os from Os(II) to Os(III) of 65 uC. Therefore,
more than 98% of the Os cations in the redox mediator were
in the desired oxidized Os(III) state.

Example 6

Determination of the Oxidation State of the Os(4,4'-
dimethoxy-2,2'-bipyridine),C1”*? Complexed with
poly(4-vinyl pyridine)

A similar experiment to that of Example 5 was conducted
with the same working/counter/reference electrode configu-
ration except that the redox mediator on the working elec-
trode was changed to a complex of Os(4,4'-dimethoxy-2,2'-
bipyridine),Cl, with poly(4-vinyl pyridine), with 12 pyridine
groups per Os cation, cross linked with glucose oxidase via
polyethylene glycol diglycidyl ether.

Two sensors were constructed. The electrodes of the two
sensors were cured at room temperature for 24 hours. The
electrodes were then immersed in a buffered electrolyte solu-
tion and a potential of +200 mV was applied between the
working and reference electrodes.

Upon application of the potential to the electrodes, a charge
of 2.5 uC and 3.8 pC was passed in the two sensors, respec-
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tively. Subsequent reduction and reoxidation of the redox
mediators yielded oxidation charges o' 27.9 pC and 28.0 puC,
respectively. Therefore, the sensors originally contained 91%
and 86% of the Os cations in the desirable oxidized Os(I1I)
state.

Example 7
Optical Sensor

An optical sensor is constructed by applying a film of redox
polymer with crosslinked enzyme onto a light-transparent
support such as a glass slide. The quantity of redox mediator
is equal to or greater than (in a stoichiometric sense) the
maximum quantity of analyte expected to fill the measure-
ment zone. The spacer material, sorbent and facing support
are securely clamped. The sample chamber is adapted to
transmit light through the assembled sensor to an optical
density detector or to a fluorescence detector. As sample fills
the sample chamber and the redox mediator is oxidized,
changes in the absorption, transmission, reflection or fluores-
cence of the redox mediator in the chamber are correlated to
the amount of glucose in the sample.

Example 8
Blood Volumes from Upper Arm Lancet Sticks

The forearm of a single individual was pierced with a
lancet multiple times in order to determine the reproducibility
otf'blood volumes obtained by this method. Despite more than
thirty lancet sticks in the anterior portion of each forearm and
the dorsal region of the left forearm, the individual identified
each stick as virtually painless.

The forearm was pierced with a Payless Color Lancet. The
blood from each stick was collected using a 1 pl capillary
tube, and the volume was determined by measuring the length
of the blood column. The volumes obtained from each stick
are shown below in Table 4.

TABLE 4

Volume of Lancet Sticks

Left Anterior Right Anterior Left Dorsal

Forearm, (nL) Forearm, (nL) Forearm, (nL)
1 180 190 180
2 250 180 300
3 170 120 310
4 150 100 300
5 100 210 60
6 50 140 380
7 90 120 220
8 130 140 200
9 120 100 380
10 100 320
11 260
12 250
13 280
14 260

Avg. 138 £58 nL 140 =40 nL 264 = 83 nL

The invention has been described with reference to various
specific and preferred embodiments and techniques. How-
ever, it will be apparent to one of ordinarily skill in the art that
many variations and modifications may be made while
remaining within the spirit and scope of the invention.

All publications and patent applications in this specifica-
tion are indicative of the level of ordinary skill in the art to
which this invention pertains. All publications and patent



US 9,234,864 B2

25

applications are herein incorporated by reference to the same
extent as if each individual publication or patent application
was specifically and individually indicated by reference.

We claim:
1. A method for determining a concentration of an analyte
in a body fluid of a patient, comprising the steps of:
transporting a body fluid sample of the patient into a
sample chamber of a test strip, the sample chamber
comprising a working electrode and a reference elec-
trode and/or a counter electrode, wherein the sample
chamber has a volume of 1 pul or less; and
determining the concentration of the analyte in the body
fluid sample by measuring the charge passed through the
working electrode over a period of time of within 1
minute after transporting the body fluid.
2. The method of claim 1, wherein the sample chamber has
a volume of 0.5 ul or less.
3. The method of claim 1, wherein the sample chamber has
a volume of 0.2 ul or less.
4. The method of claim 1, wherein the sample chamber has
a volume of 0.1 pl or less.
5. The method of claim 1, wherein the sample chamber
comprises a counter electrode and wherein the working elec-
trode and the counter electrode are a facing electrode pair.
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6. The method of claim 1, wherein the test strip further
includes an enzyme on the working electrode.

7. The method of claim 6, wherein the enzyme is glucose
oxidase or glucose dehydrogenase.

8. The method of claim 1, wherein an enzyme is immobi-
lized on the working electrode.

9. The method of claim 1, wherein the test strip further
includes a redox mediator on the working electrode.

10. The method of claim 9, wherein the redox mediator is
immobilized on the working electrode.

11. The method of claim 9, wherein the redox mediator is
an air-oxidizable redox mediator.

12. The method of claim 9, wherein the redox mediator
carries electrons directly to the working electrode.

13. The method of claim 9, wherein the redox mediator
comprises an osmium complex, a ferrocyanide, or a ferricya-
nide.

14. The method of claim 1, wherein the analyte is glucose.

15. The method of claim 1, wherein the working electrode
is constructed of a material selected from gold, carbon, plati-
num, ruthenium dioxide and palladium.

16. The method of claim 1, wherein the working electrode
is separated from the counter or reference electrode by a
distance of less than 200 micrometer.
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